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A Direct RF Sampling GPS Receiver

i Dennis M. Akos, Per Enge
Dépariment of Aeronautics and Astronautics, Stanford University

. EXBCUTIVE SUMMARY
The future satellite positioping/navigation systems will provide clvll signals on multiple frequencies, similar to that currently
available only for military pse. The multiple distinct frequencies will provide many advantages to users of the navigation
systems. This report presents the development of a direct RF sampling front end design well suited for multiple frequency
satellite navigation receivér,design. No frequency down conversion is necessary, rather the particular frequency bands of
interest are {ntentionally aliised using a wide band Maxim 104 analog-to-digital converter (ADC). The resulting samples are

passed, via a buffering FPGA design, to the memoty space of a host PC for storage as well as eventually pracessing of the
multiple frequency transmjssions. This paper describes the design of the front-end, validates its concept with collected data.
The system designed was demonstrated at Wright Labs and the develaped hardware configuration/software was transferred

for their use.

BACKGROUND

The future of clvil safellite navigation is multiple
frequency transmissions. i ‘The current civil GPS signal
consists of a single frequéncy transmission on 1575.42
MHz, designated L,. GPS is scheduled to add an
additional civil signal at :1227.6 MHz, designated L,
where currently only a imilitary-specific signal exists,
Later modernizstion efforts:will add a third civil frequency
signal at 1176.45 MHz, thgf.is designated Ls.

1y

Multiple frequencies will greatly cnhance satellite
navigation. One of the” most commonly referenced
limitations with GPS is thé yulnerability of the L; signal to
radio frequency interferemce - either intentional or
nintentional, The received L, signal power is extremely
weak, specified at -160 dBW. Frequency diversity will
greatly improve this potential limitation of the system. In
addition, multiple frequencics will provide ionosphere
cstimation capabilities = .removing one of the most
significant ercor sources fift the current standelone GPS
system. Lastly, the sighal structure proposed for the
additional GPS frequency:on Lg is designed 1o have a
chipping rate of 10x that, ¢urrently on the L, signal and
that being proposed for e L, frequency. The higher
chipping rate and associated wider bandwidth will also
improve performance, Further details on the future GPS
signals and the associated édvantages are available in the
proposed signal designs [l.',52].

i
The receiver, however, becomes more complicated s it is
designed to process multi‘s‘le frequencies, The primary
purpose of any satellite navigation receiver is to determine
time of transmission of electromagnetic waves. When
multiple frequencies are ‘igvolved, the front cod design

becomes much more complex. This is a result of the
varlous mixing stages necessary in a traditional receiver
design. In addition, it is critical to have equivalent
propagation dclays for cach frequency band, or be able to
calibrate any difference, as {o not bias the time estimate.

An elegant approach to the multiple frequency front end
design challenge is to use direct radio frequency (RF)
sampling of the signal with intentionally aliasing of the
information bands. Such an approach is outlined in [3]
where direct RF sampling was used to capture satellite
navigation signals from the US GPS and Russian
GLONASS systemus, In this approach no mixing is
utilized, rather frequency translation occurs via aliasing of
the desired input through the sampling processing. This
technique is described in further detail in reference [3] and
summarized in the next section.

Although no'civil signals on L; and Ls are currently
available, it is possible to construct prototype multiple
frequency GPS receiver designs to take advantages of the
signals which ate currently available [4]. As such the
design is not practical as a general purpose recaiver, but
the design process itself will be invaluable for future
multiple frequency receiver designs.

An example i5 the rarely used L; transmission. This
signal, at 1381.05 MHz, is for nuclear detection
capabilities and on very infrequently. However, if a data
set can be collected during a period in which L; is on and
then stored, it too can be post-processed allowing
development of the algorithms. Finally, a combination of
both examples can be used to capture L, L; and L; usable

signals.




07/15/02 05:56 FAX 206 5263210

JUN 25 |2 12114F"l:1 ERA STANFORD

« "
i
'

The proposed front end dsdign can be easily adjusted to
allow for processing of thd frue GPS civil signal on L the
first day it is available. fhe design experionce gained
through first developing the' L LoLy receiver will expedite
the design of prototype -Feceivers for the actual civil
system when it is available,

FRONT END DESJGN AND DIGITAL
INTERFACING HARDWARE

Figure 1 shows a blodk diagram of the hardware
equipment used in the system, A OPS antcana is
connected to an analog front end. The RF output from the
front ond is fed directly to'an analog-to-digital converter
(ADC) without any down gonversion stages. The digital
output from the ADC is passed to a commercial Field
Programmable Gate Array (FPGA). The FPGA is, in wrn,
interfaced with a CardBus: controller for communicetion
with s host PC. The FPGA is configured to buffer
samples and transfer that di4ta to the portable PC, via the
CardBus interface, using Direct Memory Acccss (DMA)
transfers for data processifg. The host PC can then be
uged for data storage and processing of the collected data.

GBS Antenina ,
abci]  [FPGA based]
Front End p—>{ Bvaluatign. |—— CardBus » Laptop PC
Kix ; ¢ Card

Figure . Hardware Configuration

In the following sectio:hgf the front end, the ADC
evaluation kit and FPGA Interface design will be
described in more detail. | -

Front End

The traditional front end for a single frequency receiver is
depicted in Figure 3. Extending such a design for multiple
frequency bands and ‘compensating for all the
interfrequency channel biasés is by no means & ivial task.
In additon, the spurious .and harmonics possible can
degrade receiver performance and offer the potential for
Interferenco issues at interfriediate frequency (IF) stages.

The front end proposed fof the multiple frequency GPS
receiver uses the novel approach of direct RF sampling
[3]. A direct RF gamplisg frant end for processing a
single frequency band is depicted in Figure 3.

In a direct RF sampling approach, no frequency mixing is
done. Rather the signa) is sampled direct at the RF carrier
frequency. In such a desirg'p it is not neccasary to sample
the signal at twice the catrier frequency, rather frequency
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translation is accomplished through intentional aliasing of
the frequency band(s) of interest. As such, the sampling
frequency meeds only to be on the order of twice the
bandwidth of interest. This direct RF sampling and
aliasing process is depicted in the frequency domain in
Figure 4.

Receiver Front End
15 soge nd stage
INA  mixcr ILNA  mixer

fil —65— fillar ADC
&

® veo

vco

Figure 2. Traditional Front End Design
An advantage of such a design is that is that it is easily
extendable to multiple distinct frequency bands — exactly
what is required for the future of GPS.
Receiver Front End

JEE S Hi

Figure 3. Direct RF Sampling Front End Design

The modification from single to dual frequency is
relatively simple — a second bandpass filter is added in
parallel with the first as is shown in Figure 5 ‘and the
cortcsponding frequency domain representation is .in
Figure 6.

(DPosi LNA (®)Paat BYF

Infarmdtion { Information !
Bund Band
]@Auumg Trianglcs Dofincd by ¥, @{n‘“‘ *‘D"i-"m W Trandlaicd
72 a Infarmatian ' lnfufmw’uf I f
. Band o

Figure 4, Frequency Domain Representation of Bandpass
Sampling

Although the concept is illustrated for only two distinct
frequency bands, it can be further extended for addirional
bands through the incorporation of an additional bandpass
filter. In the case of multiband sampling, the minimum
sampling frequency is twice the sum of all the individual
bandwidths of Interest. It is alzo important to recognize

" that the resulting aliased IF is a function of the initial
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carrier frequency and sqn'pling frequency. These two
parameters completely specify the outcome.  The
nonlinear process of computing the resulting sampling
frequency is specified in [3],

Py

LNA leffilter #1

ADC

Slgnsl # ' Signsl #1
BRI
Figure 6. Frequency Domain Representation of Multiband
Bandpass Sampling

For this initial work, two distinct front end designs have
beent implemented. The first is a single L, band front end
design, as depicted in Figute 3, with a filter bandwidth of
32 MHz which can bel 'used to capturc the existing
Coarse/Acquisition (C/A) pi}de signal. The second design
is an implementation of Figure § using the same 3.2 MHz
L, filter with an added 2Q.0 MHz L, filter in parallel.
Such an implementation can be used to continually capture
data on L, and monitor for the pregence of a signal on Ls.
The filter shapes, taken from a spectrum analyzer, are
shown in Figures 7 & 8. °

Analog-to-Digital Convertér (ADC)

In order to capture the high frequency content in direct RF
sampling, an ADC with &/wide analog input bandwidth
must be utilized, The 8-bit ADC used, 8 Maxim MAX104
{4), is capable of 1 Csps conversion rate and has a 2.2
GHz analog input bandwifith. In this application the high
conversion rate is not necessary since the RF signal is
intentionally aliased down to an intermediate frequency.

The MAX104 ADC is g flash ADC, also known as 2

parallel ADC. Flash ADCs are suitable for applications

requiring relatively high:sampling frequencies, but this

comes at the expense af high power consumption,
i
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relatively low resolution and high cost. However in the
case of GPS signals, data is commonly digitized to 1-4 bits
which allows the use of a less complex ADC. As such the
MAX104 greatly exceeds the requirements for direct RF
sampling of GPS and is used as a result of its immediate
availability. It is highly probably a significanty less
complex design could be used for high volume production,
if so desired.

€HI & _lpectiom s d4p/ NEE .35 4Bwm 08,707 dbn
V3. PIRER RF.IAMILING I
°
AT 7%(
n" { \
Exiks / \
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7 \
/ \L
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Figure 7. GPS L Bandpass Filter Shape
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Figure 8, GPS L, Bandpass Filter Shape

The digital outpuits from the ADC are differential Positive
Emitter Coupled Logic (FECL) outputs or Low Voltage
PECL (LVPECL). In order to reduce the rate of the digital
outputs, two consecutive samples may be presented on
two different 8-bit potts, i.c. the ADC chip may be set (0
perform a 8:16 de-multiplexing.

The MAX104 ADC Evaluation kit set-up in the laboratory
with the appropriate connections as ie shown in Rigure 9.

FPGA-based CardBus Card

One of the most critical elements in the design is the
interfacing of the digital samples from the ADC with a
storage/processing platform. This will allow to the
development of the desired signal procassing algorithms,
initial in a post proccssing environment which can then be
eventually fransitioned to a real time implementation,

In order to interface the ADC with a storage system a
commercial CardBus card is used. A block diagram of the
card is shown in Figure 10. :
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Figure 9. MAX104 ADC Evaluation Bosrd and
Associaréd Interfaces

Memory | Memory

| 10 Cokmmr: I

Figure 10, CardBus Card Architecture
Such a configuration is 'ideal as it allows storage of
collected data in the usually large memory buffers on a
host computer. In addition, the computer will provide a
convenient mecans in which to process and analyze the
collected data, .

The key element on the card is the Field Programmable
Gate Array (FPGA) as this is the component responsible
for providing the bridge; between the ADC and host
computer. "

A generic FPGA consists ‘of an aay of programmeble
logic blocks surrounded by IO blocks, connected with
programmable interconnect as illustrated in Figure 11.
Other blocks such as phase locked loops, blocks of
SRAM, and dedicated resources for arithmetic operations
are common {n different FRGA vendor architectures. The
FPGA on the CardBus card is SRAM based, which means

ONR SEATTLE 006
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that its configuration is stored internally in SRAM. Hence
an SRAM based FPGA can easily be reconfigured for
various applications.

D Input/output
Block )

O

3

1 Programmable
Interconnect

Programmable
ogic Block

[

0o O

O

O 0O O

Figure 11. A Generic FPGA Architecture

The FPGA on the card, a Xilinx Virtex XCV30QE device
[6], is connected to a 32-bit 33 MHz CardBus controller,
two 256 kbyte SRAMs and two 13-bit YO connectors.
The card is capable of DMA transfers which allows a
theoratical transfer rate of up to 132 MB/s.

The card comes with VHDL libraries to aid in hardware
development. Software drivars and an “Application
Programming Interface™ (API) for the card are available
for Microsoft Windows 2000 and Linux.

FPGA Design

The input/output (/O) ports on FPGA can be configured
to support a varioty of different single-ended and
differential VO standards. The Virtex-E device is
somewhat unique as it is one of the few programmable
loglc devices which supports the differential LVPECL
standard. Howcver the CardBus card only has seven
differential /O pairs available for the user. So only six of
the cight paseible data bits are and one clock have been
implement — more than sufficient for GPS proccssing. A
twisted psir cablc was madec to directly connect the ADC
Evaluation board to the CardBus 1/O connectors.

A simplified block diagram of the data path implemented
in the FPGA is shown in Figure 12. The 6-bit data is
converted to 8-bit two's complement format jnside the
FPGA and de-multiplexed to form a 32-bit word. The 32-
bit words are written to an asynchronous FIFO that
synchronizes the data to the memory clock domain.
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Cardling 1
Injarfhce!

Figure 12. Simplified Block Diagram of Data Path
Implemented in the FPGA

The PC, following referred to as the hos, initiates the data
acquisition by writing to a specific register in the FPGA.
At ipitialization the host; also sets a programmabic
decimation rate and how. many buffers that should be
acquited. One buffer is thie size of ons SRAM on the
CardBus card. The incoming data starts filling the left
memory and when the mémory is full an interrupt is
triggered. This interrupt injtiates a transfer of the DMA
bridge by starting to fili's FIFO in the DMA Read
Interface entity. The host ‘will react to the interrupt and
will initiate 8 DMA transfer via the CardBus. When the
host has read the memory it will acknowledge that it is
done by writing to a registér in the FPGA. Meanwhile the
right memory is written io via the asynchronous FIFO.
When the right memory 'is full, another interrupt is
triggered when the acknowledge register write from the
host is detected. Another DMA transfer from the right
memory will then be performed. The complete sequence
may be repeated for an arbitrary number of buffers.

If the host does not acknowledge a buffer before the
asynchronous FIFO is full; samples will be missed and the
interrupt is never triggered. Instead a status register,
readable by the host, is set; The host will then time out
waiting for the interrupt ahd then read the status register.
At this stage the data acquisition must be reinitiated by the
host. :

The FPGA design itself does not put the upper bound of
the maximum achievable sampling rate for contiguous
buffers, instead the upper bound is limited by the practical
transfer rate of the CardBus. The FPGA design has been
constrained to handle data rates over 120 Mbyte/s.

The data acquisition design was first implemented and
tested using a traditional CMOS/TTL level ADC. Oncc
that was functional, the degired LVPECL logic interface
required for the MAX104 ADC was implemented.

ONR SEATTLE
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VALIDATION OF HARDWARE DESIGN

Two distinct front end designs had been implemented to
initiate the multiplc frequency GPS recciver prototype.
The first design consists of only the traditional L RF
processing, digitization, and storage of the samples, This
allows the varione elements in the system design to be
tested. The second design adds the ability to capture the
L5 slgnal along with the L, signal. This implementation is
configured to determine the presence of L; and saved the
captured data when it is present. This will allow the
capture of L,L, data, when L; is available, that can be vsed
to explore receiver design issues that will parallel those
when multiple civil signals are available.

L, Direct RF Sampling Implemantation

The L, only implementation is based on the design
depicted in Figure 3. There are subtle differences between
the figure and the actual implementation. Rather than a
single amplifier, the gain is distributed across three
different amplifiers and a second L, filter is used between
the first and second amplifier. The final L; bandpass
filter, shown in Figure 7, follows the third amplifier and
directly pracedes the input to the ADC.

With the anslog signal conditioning hardware in place and
connected to the ADC, the next step was to determine an
sppropriate sampling frequency. Again, although the
sampling is done on the RF signal directly, it is only
necessary to sample at twice the bandwidth of the signal
and choose the sampling freguency to appropriately alias
the signal. The 3 dB bandwidth of the filter is specified at
3,2 MHz, however the bandwidth is wider at higher
attenvation levels. In order to adequately alias the
complete band, a sampling frequency on the order of 16
MHz is used. This provides an 8 MHz sampled
information bandwidth which is more than sufficient for
the final filter shape. A ladder diagram was generated to
determine an appropriate sampling frequency about 16
MHz. This is shown in Figure 13 and indicates a sampling
frequency of 16.2 will translate the 1575.42 MHz 1,
center frequency to the center of the resulting sampled
information bandwidth at an IF of 4.02 MHz.

This configuration was used to collect 2 samples or
approximately 60ms of data. Sincc the GPS signal power
is below that of the noise floor, it is expected the captured
date should appear as noisc in the shape of the final
bandpass filter. Figure 14 shows the power spectral
density of the collected data samples.
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Ladder Diagram for Direct RF Sampling of L Signal (BW=3.2MHz}

(dHz)

Rcmlthiﬂ‘
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161 1615 T2 1625 163
Sampling Frequency (MEH2)

Figure 13. Ladder Diagraz_n‘for Direct RF Sampling of the
GPS L, Signal .
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Figute 14. Frequency Domain Representation
of Collcdt;d Raw Data

The frequency domain depiction of the collected data
looks equivalent to that of the filter shown in Figure 7. As
such, it is expected that the desired frequency translation
of the L; band has beeq--accomplishcd via intentional
aliasing. The frequency translation was further confirmed
by applying a GPS acquisition algorithra to the collected
data and all six satellites in view at the time of the data
collection were identificd -[7]. In addition, once the
particular satellite parameters have been identified (PRN
number, code phase, and carrier frequency) it is possible
to do a cormrelation of the. dollected data with a properly
aligned PRN code. This operation removos the PRN code
modulation leaving the urgd'prlylng carrier and navigation
dara bits. If this post-correlation data is viewed in the
frequency domain, as is shown in Figure 8, the GPS IF for
PRN 24 in the collected dat is clearly shown.

o
ot
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2 Frequency Spestrum of Past=Correfated Collected Data
T T T ! : H

T« 3
Feeqeacy (MHz)

Figure 15. Frequency Domain Representation
of Post-Correlated Data

The process has verified the the direct RF sampling and
data collection implementation of the single frequency
GPS L, signal.

L,L; Direct RF Sampling Implemenration

With the verification of the single frequency band design,
it is possible to extend the concept to multiple frequency
bands. Based on the GPS multiple frequency options
described in the introduction, the more interesting band is
Ls as there is litde documented on that signal. The L,
signal format is well documented and the best starting
poimt for that signal is through the use of a high gain
antenna. As such, the decision was made to implement an
LI design that would capture the L, GPS signal and
monitor for the presence of the Ly transmission,

The L,1, design has been implemented using the atructure
depicted in Figure 5 with the two filters shown in Figures
7 and 8. The filtar bandwidth on 1, is kept at 3.2 MH2 to
capture only the C/A spectrum, ignoring the quadrature
military-specific P(Y) signal. A 20 MHz bandpass filter,
centered at 1381,05 MHz, is the final filter in the L; signal
path. The wide bandwidth in this path is to allow for the
capture of a variety of possible signal structures on the L,

frequency.

This front end implementation was conoscted to the
antenna and the output, which will be passed to the ADC
for sampling, is initially viewed on the spectrum analyzer.
This frequency domain representation is shown in Figure
16.
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Figure 16. Frequency Do:fxi:qin Representation of the Dual
Band Fror End Output

The figure shows the frequency span from 1.35 GHz to 1.6
GHz. The two respective bandpass filter shapes are
clearly shown. The goal will be to choosc a sampling
frequency to intentionally alias both these frequency bands
yet keep them distinct.

The minimum sampling frequency for thia combination iz
twice the sum of the bandwidths. The filter 3 dB
bandwidths are 3.2 MHz apd 20 MHz for the L; and L,
filters, respectively. The’ minimum possible sampling
frequency 18 on the order of 50 MHz. However, in the
multiple signal aliasing it is critical to find a sampling
frequency in which the rejulting aliased bands wifl not
only not cross the information bandwidth boundaries at 0
and R/2, but also not have; overlapping frequency bands,
The computation of an acagptable sampling frequency was
done aecording to [3] and it was found that a sampling
frequency of approximately 74 MHz would acceptable
provide the desired aliasing. The ladder diagram for these
two frequency bands, with sampling frequency from 72
MHz to 75 MHz, ts shown jn Figure 17. The highlighted
region shows the range of ucceptable sampling frequencies
that meet the necessary criteria and the resulting IF of both
bands after aligsing. !

A sampling frequency from this acceptable band, 73.45
MHz, was used to sampléithe data from the front end to
test the direct aliasing of both frequency bands, The
frequency domain represcritation of this data is shown in
Figure 18. The resulting* frequency bands arc cxactly
where they are computed ta be from the ladder diagram of
Figure 17. Further cotfirming the success of the
implementation the GPS ‘acquisition algorithm identified
L, signals in the data set from all of the satellites visible at
the time of data collection.' However, no signals could be
detected in the Ly band ify the collected data set. It is
assumed that at the time pf the data collection, there was
no L, transmission from fhe satcllites. Yet the direct RF
sampling and aliasing have been successful and provide
the baseline for an Ly monitor,

"3
(=]
H

-

-163 75 M 735 74 745 7%
Sampling Frequescy (MHz)

Figure 17. Ladder Diagram for Direct
RF Sampling of L, and L; Bands

Frequeacy Spectrum of Raw Collected Two Hand (L1 & L3) Data
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Figure 18, Frequency Domain Representation
of the Collected Dual Band Data

CONCLUSIONS & FUTURE WORK

This report has presented the design of a muliiple
frequency GPS receiver prototype. Multiple frequencics
transmissions are the future of GPS-SPS and already exist
for military GPS-PPS. The implementation utilizes a
novel direct RF sampling approach and an FPGA {s used
to interface the digital samples with a PC for data storage
and analysis. The front cnd design and daw interface have
been verified using collected data. A dual frequency
implementation collected GPS data on the L; and 15 bands
has been designed and was successful used o capture data.
Although Ly was not found to be in the collected data, the
platform will servs as an L monitor and is a starting point
for multiple frequencies GNSS civil receiver dsaign.
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The implementation has shown the feasibility of such en
implementation through the acquisition of GPS signals.
However, full processing of the GPS transmission must be
done in order to validatc and compare the dircct RF
sampling performance to that of a traditional receiver. An
additional item of interest is to verify .the interference
suppreasion that should be.available from such & direct RF
sampling recelver. Both of thess topics ate proposed for
future investigation. g
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